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Luminescence spectroscopic and temporal dynamic properties of high energy elementary
excitations in CdF2-CaF2 superlattices have been studied utilising excitation with vacuum
ultraviolet and X-ray synchrotron radiation while comparing the results with those obtained for
CdF2 and CaF2 bulk crystals. It is shown that the optical properties of the superlattice structures
are determined by exciton emission in the CdF2 monolayers. The experimental manifestations of
exciton confinement phenomena are discussed. VC 2016 AIP Publishing LLC.
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I. INTRODUCTION
Semiconductor quantum wells were first proposed in the
early 1960s and experimentally realised in the 1970s,1
remaining the subject of extensive investigation over the last
four decades, see for example, Refs. 2–5. Typically, these
works are motivated by the interesting and often unique opti-
cal properties which can be obtained, leading to applications
in spintronics or lasers for example. By contrast, interest in
very thin heterostructures comprised of alternating layers of
insulating dielectric materials (such as CaF2) has been far
more recent (dating from the 1990s6–9) and made possible by
the progress in nanofabrication achieved by researchers
working on inorganic semiconductor materials.
In this work, we focus on vacuum ultraviolet (VUV)
spectroscopy of CdF2-CaF2 superlattices. Superlattices (SLs)
are structures formed by a periodic combination of mono-
layers (ML) of materials having different band gaps, thereby
representing a sequence of quantum wells and barriers with
modified optical properties. In particular, confinement effects
are expected to be noticeable for SLs with monolayers of a
few nanometers where critical dimensions are comparable to
typical electron wavelengths or migration range of mobile
electronic excitations (excitons, electrons). Therefore, it is
important to investigate the spectroscopy and dynamics of
relaxation of intrinsic electronic excitations in SLs that may
provide a more comprehensive picture of the electronic proc-
esses in nanoscale insulating optical materials.
CdF2 and CaF2 are characterised by the same fluorite-
type cubic crystal structure with similar lattice constants
making them suitable for superlattice growth; however, their
electronic and optical properties differ significantly. Most
notably and in spite of its large band gap of about 8 eV,
appropriately co-doped and annealed CdF2 can have n-type
semiconductor properties. In addition, CdF2 is known to
demonstrate an efficient electroluminescence10,11 and, due
to its high density (6.38 g/cm3) and relatively fast intrinsic
luminescence decay time, can be used as a scintillator.12,13
CaF2 is an insulator with very large bandgap estimated to be
between 11.8 and 12.1 eV (Refs. 14 and 15) and is widely
used in various optical applications.
CdF2-CaF2 SLs and heterostructures are of research in-
terest8,9,16–18 because of their potential for application in
quantum devices such as resonant tunnelling diodes and
quantum cascade lasers. This is due to the large (2.9 eV)
conduction band discontinuity of the CdF2-CaF2 interface
that was found by means of X-ray photoelectron spectros-
copy.19 Laser spectroscopy of Eu2þ and Eu3þ ions doped
into CaF2 MLs of CdF2-CaF2 and defect site distributions for
the dopant ions have also been investigated.20–22
II. EXPERIMENTAL
The CaF2-CdF2 SL samples were grown at the Ioffe
Institute using molecular beam epitaxy (MBE). A reflection
high-energy electron diffractometer (RHEED) was available
for in situ structural characterization of the growing layers.
CaF2 and CdF2 layers were sequentially deposited on (111)-
oriented Si substrates. The opposite signs of the fluoride lat-
tice mismatches with Si allow pseudomorphic growth of the
films with the (111)-plane parallel to the substrate surface.
Two samples were used in this work: a 3 ML sample consist-
ing of 50 periods, each period containing 3 MLs of CaF2 and
3 MLs of CdF2, and a 5 ML sample for which the thickness
of each fluoride layer was 5 MLs and overall the SL con-
sisted of 30 periods. A CaF2 monolayer (for example) con-
sists of the electrically neutral triple layer of F - Ca2þ - F
ions. Owing to the fact that the thickness of each fluoride
ML was close to 0.315 nm, the total thickness of each super-
lattice was about 100 nm. The growth procedure is described
in more detail in Ref. 8. Fig. 1 shows the h- 2h double crystal
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XRD pattern obtained from the 3 ML SL sample. The XRD
pattern reveals a well pronounced oscillating structure that
suggests reasonably good flatness of the interfaces. The posi-
tion of the satellite peaks corresponds to a 6 ML period. This
result shows that the layered heterostructure has remained
free of inter diffusion and/or chemical reaction.
Bulk single crystals of CaF2 and CdF2 were grown in a
graphite crucible under high vacuum using the vertical Bridgman
technique.
The time-resolved VUV spectroscopic measurements
were carried out using the SUPERLUMI facility at
HASYLAB of DESY (Hamburg, Germany) employing syn-
chrotron radiation (SR) from the DORIS III storage ring as
an excitation source (see Ref. 23 and references therein). For
selective excitation and measurements of excitation spectra
in the range of 3.7–20.4 eV, a 2 m monochromator in a
McPherson mounting with a resolution of 3.2 Å was used.
The detection of the luminescence and measurement of emission
spectra were performed with a 0.3 m ARC SpectraPro-308i
monochromator equipped with a high-speed R3809U-50 S
(Hamamatsu) microchannel plate (MCP) detector. The time-
resolved spectra were recorded within two independent time
gates (TGs): 2–9 ns (fast time gate) and 46–70 ns (slow time
gate) relative to the beginning of the SR pulse. The time-
integrated spectra were recorded counting emission signal
within the whole time period of 96 ns available between SR
pulses at a 10 bunch mode (BM) of the storage ring. The
measurements were performed in the ultra-high-vacuum
chamber (109 mbar) in the temperature range of 8–300 K.
The excitation spectra were corrected for wavelength-
dependent variation of the SR intensity using a sodium salic-
ylate signal. A background signal corresponding to the dark
count of the MCP detector was subtracted from the original
spectra and decay curves.
X-ray excited emission spectra of CdF2 and CaF2 bulk
crystals were recorded at Argonne National Lab (US) using
BM-20 beamline of the Advanced Photon Source (APS) stor-
age ring. X-rays were delivered via double-crystal Si(111)
monochromator (with second crystal detuned 20% from
maximum signal) and were focused to a 500  250 lm spot
size using a toroidal mirror. For additional rejection of har-
monic energies (beyond detuning), a Rh-coated flat mirror
was also used. For the measurements of emission spectra, an
Avantes AvaSpec-2048 CCD detector with 300 line/mm gra-
ting and a 50 lm slit width (resolution 2 nm) was used. The
spectra were recorded at RT and at low temperatures under
vacuum using micro-miniature refrigerator (MMR technolo-
gies) based on the Joule-Thomson cooling.
III. RESULTS AND DISCUSSION
The top panel of Fig. 2 shows the emission spectra of
CaF2 and CdF2 bulk crystals. Upon excitation with X-ray
synchrotron radiation at T¼ 80 K, the emission spectra of
both CaF2 and CdF2 bulk crystals are broad emission bands
centred near 282 nm (4.40 eV) and 374 nm (3.32 eV), respec-
tively. The spectra did not reveal any noticeable change of
shape when the excitation energy was varied from 4 to
10 keV. Moreover, we did not observe any peculiarities in
the emission spectra when selectively excited into or just
above the Ca K core level (4038 eV) or Cd La1 core level
(4018 eV).
The emission observed from CaF2 is due to radiative
recombination of self-trapped excitons (STE).24 The emission
band is only slightly broadened at T¼ 300 K relative to that at
FIG. 1. XRD pattern of a 3ML CdF2-CaF2 superlattice structure.
FIG. 2. Time integrated emission spectra of the CdF2-CaF2 superlattices
recorded upon VUV excitation at 8, 60, and 200 K (bottom panel) and CdF2
and CaF2 bulk crystals recorded upon VUV and X-ray excitation at 8, 80
and 180 K (upper panel).
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T¼ 80 K. The STE emission observed in CaF2 can also be
observed in time-integrated emission spectra recorded upon
VUV excitation at 114 nm (10.9 eV)—corresponding to the
peak excitonic absorption (Fig. 2, top panel). A slight
(0.03 eV) blue shift of the band maxima at 300 K is due to
the quenching of the emission arising from the excitonic sin-
glet state which occurs at slightly lower energy.
The width and maximum of the emission band observed
for CdF2 upon X-ray excitation are in good agreement with
data published in Refs. 25–28. The peak at 470 nm (2.63 eV)
is an experimental artifact that is typically observed in spectra
of samples where the measured luminescence is weak. The
X-ray excited emission of CdF2 is entirely quenched above
sample temperatures of 200 K. We note that the intrinsic emis-
sion in CdF2 is not well understood with various studies
assigning the 374 nm emission as electron-self trapped hole
recombination25 or exciton recombination.28
The bottom panel of Fig. 2 shows the time-integrated
emission spectra of 5 ML and 3 ML CdF2-CaF2 superlattices
recorded upon excitation at 160 nm (7.75 eV) at temperatures
8, 60, and 200 K. At T¼ 8 K, the spectra are represented by
broad asymmetric emission bands peaked at 354 nm
(3.50 eV) and 375 nm (3.31 eV), for the 3 ML and 5 ML
superlattices, respectively. The FWHM of the emission
bands for both the 3 ML and 5 ML superlattices at T¼ 8 K is
approximately 0.76 eV. The intensity of the emission is
observed to dramatically decrease with temperature. For
temperatures above 200 K, the emission was very weak and
a reliable emission spectrum could not be recorded. Both the
5 ML and 3 ML superlattices exhibit a shift of the emission
band maxima towards lower energy close to 0.1 eV as well
as a 15% band broadening as the temperature increases from
8 to 200 K. Spectra recorded within slow and fast time gates
closely follow the time-integrated spectra (not shown).
No emission could be detected from any of the available
superlattice samples upon X-ray excitation at temperatures
above 80 K. The position of the emission peaks in the 3 ML
and 5 ML superlattice structures as well as the CdF2 and
CaF2 bulk crystals at different temperatures and for different
excitation wavelengths is given in Table I along with data on
the fundamental absorption edge. The superlattice emission
spectra are closely comparable with that of bulk CdF2 and do
not show any noticeable variation as the excitation energy is
increased from 8 eV to 21 eV, the upper limit going well past
the fundamental absorption edge of CaF2. Thus, the STE
emission of CaF2 is quenched within the superlattice struc-
tures and the emission spectra are entirely dominated by
excitonic recombination within the CdF2 layers.
Temperature dependent, time-integrated and time-
resolved excitation spectra recorded monitoring the CdF2
exciton emission in the 3 ML and 5 ML superlattices are
shown in the bottom panel of Fig. 3. At T¼ 8 K, both the 3
ML and 5 ML samples demonstrate similar excitation spec-
tra. In particular, the spectra reveal an absorption onset at
about 6.8 eV and an excitonic-like peak at about 7.7 eV
which is followed by a gradual decrease of intensity to
essentially background level when the energy of the excit-
ing photons reaches around 13 and 14 eV for 3 ML and 5
ML samples, respectively. At energies higher than 17 eV,
the signal is observed to increase. At T¼ 8 K, the spectra
recorded within fast and slow time gates closely follow
those recorded in time-integrated mode. However, the tem-
perature dependencies of the excitation spectra are quite
different for the two samples. The excitation spectra of the
3 ML sample show a signal increase near 21 eV as the tem-
perature increases up to 200 K, while the spectra of 5 ML
sample show the development of intense broad excitation
structure above 8.5 eV (Fig. 3, bottom right panel) which
appears to peak near 21 eV. This is accompanied by an
increase in intensity within the slow time gated excitation
spectra. At T¼ 200 K, the time-integrated spectrum of the 5
ML superlattice appears as a continuous band.
The top panels of Fig. 3 show the excitation and reflec-
tion spectra of CdF2 and CaF2 single crystals for comparison
with the excitation spectra of the superlattice samples. The
time-integrated excitation spectrum for the CaF2 crystal was
recorded at a sample temperature 8 K while monitoring STE
emission at k¼ 287 nm (4.32 eV). Reflection spectra for both
the CdF2 and CaF2 crystals as well as the excitation spectrum
obtained monitoring the CdF2 exciton emission (all
TABLE I. Exciton emission and fundamental absorption edge observed in CaF2-CdF2 superlattices and CaF2 and CdF2 bulk crystals. All measurements are
given in units of eV.
CaF2-CdF2 superlattice Bulk crystal
T (K)
5 ML 3 ML
T (K)
CdF2 CaF2
Exc. Exc. Exc. Exc.
Emission peak (eV) 8 VUV 3.32 VUV 3.50 8 … VUV 4.32
60 3.31 3.47 80 X-ray 3.32 …
VUV 3.51a
200 3.22 3.41 180 X-ray 3.22
300 quenched quenched 300 X-ray 3.18b VUV 4.35
Fundam. absorption edge (eV) 8 7.43 7.45 8 … 10.72
100 7.42 7.42 80 6.6b 10.68
200 7.35 7.31
300 Quenched Quenched 300 … 10.29
aReference 26.
bReference 29.
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measured at liquid nitrogen temperature) were extracted from
published sources14,26,30 using graph digitizing software.
Table I compares the energies of the fundamental absorp-
tion edge in the CaF2-CdF2 superlattices with that of the CdF2
and CaF2 bulk crystals. The datum point is taken at half inten-
sity on the low-energy side of the band edge (excitonic) peak.
The onset of the fundamental absorption of the superlattice
samples is located at about 0.8–0.85 eV higher energy relative
to that observed for the CdF2 bulk crystal. We note that the
position of the band edge peak in the excitation spectrum of
the CdF2 bulk crystal from Ref. 25 agrees well with the posi-
tion of the first maximum of the reflection spectrum observed
at 7.5–7.6 eV (Refs. 30, 31, and 32) which corresponds to an
excitonic transition at the C point as confirmed by theoretical
calculations.33 The excitation spectrum of the CaF2 bulk crys-
tal taken at T¼ 8 K exhibits an intense excitonic peak with an
intensity maximum at 10.8 eV which is followed by dramatic
decrease of intensity at about 11.3 eV which corresponds to the
first maximum in the reflection spectrum (as shown in Fig. 3)
and very high absorption coefficient.
At T¼ 8 K, the excitonic peak in the excitation spectra
of the superlattices is followed by a gradual absorption
decrease up to about 13.5–14 eV that can be explained in
terms of migration losses which occur because the increased
kinetic energy of electrons and holes created via interband
excitation increases their probability for escape from the
sphere of effective e-h interactions.34,35
In Fig. 3, we also show an excitation spectrum for STE
emission in a CaF2 bulk crystal that helps one to see that the
excitation spectra of the superlattices do not show any fea-
tures that could indicate an energy transfer from electronic
excitations occurred in CaF2 MLs. This fact together with
the above-mentioned peculiarities of the emission spectra
suggests the VUV photons are substantially absorbed in
CdF2 MLs. A dip observed near 11.26 eV in all the excitation
spectra of the superlattice samples is probably related to
reflection losses in the CaF2 MLs.
It is also worth noting that the excitonic peak in the bulk
CdF2 spectrum is quite broad compared to that observed in
the bulk CaF2 spectrum. This comes from the fact that the
binding energy of the CdF2 exciton (1.75 eV (Ref. 6)) is
almost double that of the CaF2 exciton (0.94 eV (Ref. 36)). A
greater binding energy indicates a greater configurational
shift and broader emission band. The increase in intensity of
FIG. 3. Excitation spectra of the CdF2-CaF2 superlattices recorded in the temperature range 8–200 K by monitoring emission at kem¼ 355 nm and kem¼ 375 nm
for 3 ML and 5 ML superlattices, respectively. The top panels show excitation and reflection spectra obtained for CaF2 and CdF2 bulk crystals.
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the excitation spectrum of the CdF2 exciton emission
observed above 16.5 eV is probably connected with photon
multiplication. We note that CdF2 is characterised by a broad
valence band (EVB > Eg),
37 which implies that the genera-
tion of secondary electronic excitations may be induced by
both high-energy primary electrons and holes.
Fig. 3 shows the luminescence decay curves for the
CdF2 exciton in SLs recorded upon excitation at 7.7 eV
which demonstrate a departure from the exponential behav-
iour that is most pronounced for 3 ML sample.
Emission from the self-trapped exciton has been previ-
ously assigned to three states in alkali halides.37 A long p
recombination has been identified with a lifetime of several
ms and assigned to a mix of B2g, B1u, and B2u states of the
M2X2 alkali halide molecule. Two fast recombinations with
lifetimes of nanoseconds and r polarisation are suggested to
be from a mix of B2g and B3u states which have different
spin multiplicities. These three emission components can be
fitted to the transients in Fig. 4 by fitting two exponential
functions for the r components with an offset to represent
the long p recombination.
The fitting parameters for the decay transients recorded
from superlattices are given in Table II. The values of life-
times obtained are much shorter than those documented in
Ref. 28 for the CdF2 bulk crystal, where the fastest decay
component observed for CdF2 emission was about 18 ns at
room temperature and of order of 1 ls for liquid N2 tempera-
ture. Moreover, we do not observe any significant depend-
ence of lifetime on temperature in contrast to the CdF2 bulk
crystal.28
The decay components are around twice as fast for the 3
ML than for 5 ML sample and the amplitude (and fraction)
of the fast decay component is greater for the 3 ML sample.
For the 3 ML sample, the long lifetime does not appreciably
change with temperature, while the short lifetime decreases
slightly. For the 5 ML sample, both lifetimes decrease with
temperature. The offset increases with temperature for both
samples, which agrees with the observation that for alkali
halides the r components of the decay are quenched at a
lower temperature than the p component.38
The observed spectroscopic and dynamic properties sug-
gest that relaxation processes in the CdF2-CaF2 superlattices
are strongly influenced by quantization effects arising since
the confinement length is comparable to the Bohr radius. A
decrease in the lifetime of excitonic emission in 1D materials
has previously been attributed to quantum confinement
effects,39 while excitonic confinement effects are routinely
observed for semiconductor quantum dots and thin films.40,41
It is well known that the creation of excitons in alkali-
earth fluorides begins from picosecond relaxation of (hot)
holes which leads to the formation of self-trapped holes or
Vk-centres. The Vk centres can capture electrons and form
weakly bonded electron-hole pairs before relaxing into a
STE (off-centre exciton). According to Ref. 42, such states
can have an on-centre configuration of the exciton with the
electron localized in vicinity of the Vk-centre. The Bohr ra-
dius of such a high energy (non-relaxed) exciton can be of
the order of several lattice constants. Thus, considering the
superlattices, it is reasonable to expect confinement effects
to be significant for quantum wells which are 5 MLs thick or
smaller.
The confinement effect in SLs is readily observable in
excitation spectra via the blue shift of the CdF2 excitonic
peak relative to those in bulk crystal (see Table I). The blue
shift of the exciton emission band is less obvious. This is
consistent with the smaller Bohr radius (nearly one lattice
constant) of the self-trapped (relaxed) exciton.
IV. CONCLUSIONS
We have utilised VUV and X-ray synchrotron sources to
investigate the high energy elementary excitations in CdF2-
FIG. 4. Emission decay kinetics of CdF2-CaF2 superlattices recorded upon
excitation at kex ¼ 160 nm in temperature range 8–150 K.
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CaF2 superlattices. It is observed that the luminescence spec-
troscopic properties of these materials are largely governed
by the behaviour of the CdF2 quantum well (3 and 5 ML
thick in our samples) due to its smaller band gap. Excitonic
emission in the CdF2-CaF2 superlattices was detectable for
temperatures below 200 K. Excitation spectra recorded mon-
itoring excitonic emission reveals a significant (up to
0.85 eV) blue shift of the CdF2 fundamental absorption that
is related to confinement of non-relaxed (high energy) exci-
tons. In addition, for the both 3 and 5 ML superlattices con-
finement effects are well pronounced in emission spectra and
luminescence decay transients.
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